Kingella kingae is an emerging osteoarticular pathogen in young children. Its isolation by traditional culture methods remains difficult, underscoring the need to implement other diagnostic methods for its detection and identification, such as nucleic acid amplification tests. Although the genome of this bacterium has not yet been sequenced, a toxin named RTX has been identified. The goal of this study was to develop sensitive, specific, and rapid molecular methods based on the rtxA toxin gene sequence to diagnose this infection. Two real-time PCR assays (SYBR green and TaqMan chemistries) targeting this gene are reported. Sensitivity and specificity were first evaluated successfully with 67 strains: 31 Kingella kingae isolates and 36 strains from other bacterial species. Then, 52 clinical specimens positive or negative by culture and/or PCR (16S rRNA and cpn60 genes) were tested with these assays. A nested PCR assay with subsequent sequencing was also developed to confirm the presence of Kingella kingae isolates in these clinical specimens. The results obtained demonstrate that these assays are accurate for the diagnosis of Kingella kingae infection.
Experience accumulated over the past 2 decades has clearly demonstrated that the direct inoculation of joint exudates in blood culture bottles significantly enhances the recovery of bacterial pathogens from children with osteomyelitis and septic arthritis (23, 26) . These studies revealed that Kingella kingae, a normal inhabitant of the oropharynx, is involved in osteoarticular infections (OAI) in healthy children aged 6 to 36 months (1, 10, 22, 24, 25) . These acute pediatric infections require a fast and sensitive diagnosis allowing an appropriate treatment directed against the causative pathogen (12).
Nucleic acid amplification tests are now increasingly relevant for the detection and identification of K. kingae, particularly in view of the lack of sensitivity of culture for detecting this emerging pediatric pathogen (8, 11, 12, 18) . Thus, the microbiological diagnosis of K. kingae infections relies mainly upon analysis of articular fluid by molecular methods. Since the first PCR was reported in 1998, nucleic acids targeting either the 16S rRNA gene (11, 12, 20) or the cpn60 gene (4, 8, 14) have further improved the detection of K. kingae and have firmly placed this fastidious organism as the main and yet underestimated cause of OAI in young children (Ͻ3 years) (19, 21) , followed by Staphylococcus aureus (4, 8, 19) .
A recent study revealed that K. kingae expresses a toxin named RTX which has been shown to be responsible for in vitro cytotoxicity on respiratory epithelial, synovial, and macrophage-like cells, with sensitivity levels up to 4-fold higher for synovial and macrophage-like cells than for respiratory cells (15) . It should be noted that synovial and macrophage-like cells are the cells that K. kingae is likely to interact with the course of a septic arthritis (5) . These observations suggest that the RTX toxin could play a role in the pathogenicity of this bacterium in breaching the epithelial barrier and destroying the synovium (15) , making this toxin a highly specific target to develop tools for the diagnosis of K. kingae infection in general. Recently, real-time PCR assays (TaqMan chemistry) targeting the rtxA and rtxB genes (7) confirmed the presence of RTX toxin genes in invasive K. kingae strains and demonstrated their importance in the diagnosis of 23 cases of K. kingae OAI (6). However, although these methods seem very promising, the authors concluded that a larger cohort is required to adequately study new PCR assays based on RTX genes. Accordingly, and to improve the detection of K. kingae, the present study describes two real-time PCR assays based on SYBR green and TaqMan chemistries, targeting the toxin-encoding gene rtxA of K. kingae. These assays were compared with those previously reported (6, 7) , and the accuracy of this rtxA toxin gene as a marker of K. kingae OAI was evaluated with a larger number of isolates, including other Kingella species, and clinical specimens.
MATERIALS AND METHODS
Bacterial strains. Several strains of Kingella species, including K. kingae (n ϭ 31) ( Clinical specimens. Osteoarticular fluids and biopsy samples (n ϭ 52) used in this study were provided by the Centre Hospitalier Universitaire de Bordeaux (n ϭ 24), the Centre de Biologie Est, Hospices Civils de Lyon (n ϭ 23), and the Groupe Hospitalier Necker-Enfants Malades (n ϭ 5). The presence of K. kingae was previously detected in 20 of these samples by real-time PCR targeting the 16S rRNA and/or cpn60 gene (8, 19) , of which two grew K. kingae and 18 did not grow any bacteria ( Table 2 ). The following bacteria other than K. kingae were detected by culture in 12 of these 52 samples: S. aureus (n ϭ 4), Staphylococcus epidermidis, Staphylococcus warneri, S. pyogenes, S. pneumoniae serotype 19A, Propionibacterium acnes, Salmonella enterica serovar Bredeney, Aggregatibacter aphrophilus, and Klebsiella oxytoca (16) . Finally, 20 of these samples, which were negative for bacteria by both culture and universal 16S rRNA gene PCR, were used as negative controls.
Genomic DNA extraction. Genomic DNA was extracted by using the MagnaPure LC DNA isolation kit I and the MagnaPure LC isolation station (Roche Applied Science, Penzberg, Germany). DNA was stored at Ϫ20°C until required for analysis. Extracted DNA was tested both undiluted and diluted 1:10 and 1:100 using the PCRs described below.
Sequencing of the 5 extremity of the rtxA gene in strains. An 1,198-bp PCR product was amplified with the set of primers F2-seq-rtxC (5Ј-GCCGAATGGG AAGATTTCTG-3Ј) and R2-seq-rtxA (5Ј-GCATTCATAAACGCCAACG-3Ј) designed from nucleotide 366 of rtxC to nucleotide 962 of rtxA from the RTX gene locus sequence of K. kingae strain 269-492 (15) , available in GenBank under accession number EF067866. PCR was performed with the Go Taq DNA polymerase (Promega, Madison, WI). Amplification parameters consisted of 1 cycle at 95°C for 5 min, followed by 45 cycles at 95°C for 30 s, 56°C for 30 s, and 72°C for 1 min, and finally 1 cycle at 72°C for 5 min. The amplicons were purified using MicroSpin S-400 HR columns (GE Healthcare, Saclay, France), and sequencing of these products was achieved on both strands using the initial set of PCR primers and internal primers F3-seq-rtxA (5Ј-GCTCGATTACAAGAAGATGC TAA-3Ј) and R3-seq-rtxA (5Ј-CACCAGTTTGAGTAAAGCTTAAAA-3Ј).
Sequencing of the rtxA gene in clinical specimens. The PCR described above was first used. However, a nested PCR was required in some cases since several PCR products were observed on agarose gels. Extracted genomic DNA was initially amplified as described above, and the 1,198-bp amplicons were purified using MicroSpin S-400 HR columns (GE Healthcare) and diluted 1:10. The second PCR was then performed with the set of primers F1-seq-rtxA (5Ј-TGG ATAGAACAGCTTGAATGG-3Ј) and R1-seq-rtxA (5Ј-AACCAGCTGAAAT GCCTGAC-3Ј) under the PCR conditions described above, and the 833-bp PCR product was sequenced using the PCR primers and the internal primers described above.
Universal 16S rRNA PCR. A real-time universal PCR targeting the 16S rRNA gene was used as a control to monitor the extraction and absence of PCR inhibitors (17) . These two PCRs were performed simultaneously and under the same conditions as used for the search of the rtxA gene. Design of the primers and probe for PCR amplification of the rtxA gene. The available rtxA gene sequence of K. kingae strain 269-492 (GenBank accession number EF067866) and 31 additional rtxA gene sequences obtained for K. kingae strains were aligned using multiple-sequence alignment with hierarchical clustering (9) (http://multalin.toulouse.inra.fr/multalin/) and analyzed to identify conserved regions for the primer design. The primer set F2-KKrtxA (5Ј-GCGCACAAGCAGGTGTACAA-3Ј) and R2-KK-rtxA (5Ј-ACCTG CTGCTACTGTACCTGTTTTAG-3Ј) and the TaqMan probe KK-rtxA FA M-TTGAACAAAGCTGGACACG-MGB-NFQ were designed on the rtxA gene using the Primer Express software package (Applied Biosystems, Foster City, CA) and were synthesized by Applied Biosystems (Cheshire, United Kingdom). A BLAST program search (2) (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi?PAGE ϭNucleotides&PROGRAMϭblastn&MEGABLASTϭon&BLAST_PROGRAMS ϭmegaBlast&PAGE_TYPEϭBlastSearch&SHOW_DEFAULTSϭon) performed with the 71-bp expected PCR product did not reveal any sequence homology with any organism other than K. kingae.
SYBR green real-time PCR and MCA analyses using different thermocyclers. TaqMan real-time PCR with the ABI PRISM 7000 instrument. The TaqMan real-time PCR amplification and hybridization reactions were carried out in a final volume of 25 l containing 12.5 l of TaqMan Universal PCR master mix (Applied Biosystems), 0.3 M each primer, 0.2 M labeled probe KK-rtxA, and 5 l of purified DNA in the ABI PRISM 7000 thermocycler. DNA was amplified using the following cycling parameters: heating at 95°C for 10 min, followed by 50 cycles of a two-stage temperature profile of 95°C for 15 s and 60°C for 1 min.
Nucleotide sequence accession numbers. The GenBank accession numbers of the rtxA genes from the 31 K. kingae strains and the 20 OAI specimens used in this study are available in Tables 1 and 2 , respectively.
RESULTS AND DISCUSSION
Several regions bearing point mutations were previously reported to be present in the cpn60 gene in K. kingae strains, "underlining the necessity of sequencing the target gene to optimize the probe design," as cited by Ilharreborde et al. (14) . In the present study, we first chose the gene of interest (i.e., the rtxA gene). We then sequenced the chosen region in 31 K. kingae strains prior to the primer and probe design to ensure the detection of all of the K. kingae strains.
Analysis of the RTX locus, sequencing of the rtxA gene, and PCR design. The RTX locus from K. kingae strain 269-492 is comprised of the tolC, rtxA, rtxC, rtxD, and rtxB genes, which are necessary for the production and secretion of an active RTX toxin. The deduced proteins showed up to 81 and 83% sequence identity with those of Neisseria meningitidis and Moraxella bovis, respectively; the RtxA protein was the most distant from these species, with 72% identity with Moraxella bovis (15) . A new protein blast (blastp) search indicated that the 956-bp residue RtxA sequence of K. kingae strain 269-492 had the highest sequence identity (72%) with its counterparts Table 1 ). With regard to the nucleotide sequence of rtxA of strain 269-492 (accession no. EF067866), 18 polymorphisms were observed over the 943-bp sequenced region. In addition, an insertion was also present at position 67 according to the numbering of the rtxA gene from the start codon. This insertion occurs in six recently isolated strains (strains 0608-141565-SER, 12-05-04-MAR, 0801-260938-BOD, 508-1766, 507-1756, and 112222) and corresponds to a 33-nucleotide sequence leading to an 11-residue sequence that can be repeated twice (see Fig. S1B in the supplemental material) . Most of the nucleotide polymorphisms observed in rtxA (12/18) are nonsynonymous, and six residue changes were observed in the 314-residue protein sequence (see Fig. S1B in the supplemental material). No correlation with the origin of the strain was observed when analyzing nucleotide and deduced amino acid sequences, particularly those from Norway (n ϭ 4) (data not shown).
Validation of the PCR target choice and primer design. Particular care was taken in order to (i) avoid mismatches in the primers and probe, since the 5Ј end of the rtxA gene revealed several single-nucleotide polymorphisms (SNPs), and (ii) minimize the risk of primer dimers that could interfere with the interpretation of the results when using the SYBR green dye. Because of all these various constraints and especially those imposed by the software, the sequence from nucleotide 38 to 108 of the rtxA gene was selected to generate a 71-bp amplicon, and minor-groove binding was necessary to obtain a short probe. The specificity and sensitivity of the PCR assays were then tested by using the SYBR green and TaqMan chemistries on DNA extracted from these 31 isolates (Table 1) and from the 36 strains from other bacterial species (including the three other Kingella species).
With regard to the previously reported TaqMan-based PCR targeting the rtxA gene (from nucleotide 676 to 762) (6, 7) , the set of primers (rtxA-F and rtxA-R) hybridized perfectly with all of these 31 sequences, while mismatches with the probe were observed for 27 of the 31 clinical strains used in the present study. These mismatches are located at positions 705 (G 3 A) and 707 (C 3 G). Such mismatches on a TaqMan probe would lead to the absence of detection for these strains. In fact, only 6 of the 31 clinical strains would be detected by this TaqManbased PCR (strains A2471, 449-79, Clé, 19477, 553.85, and 116811).
Specificities of the SYBR green and TaqMan assays. Realtime PCR assays and melting curve analysis (MCA) using SYBR green chemistry were performed using the ABI PRISM 7000, the SmartCycler, and the LightCycler systems. With regard to the F2-/R2-KK-rtxA primer set, only DNA extracted from K. kingae isolates (n ϭ 31) yielded amplification products, whereas DNA extracted from other bacteria, including other Kingella species, did not. The universal 16S rRNA gene PCR yielded the expected amplification products for all of these isolates. SYBR green dye binds to any double-stranded DNA, including nonspecific double-stranded DNA sequences such as reaction products and/or primer dimers, which may generate false-positive signals. This was not the case in the present study even with 50 PCR cycles, which facilitates the interpretation of the results (Fig. 1) . Similar results were obtained using the three PCR thermocyclers, demonstrating the usefulness and technical feasibility of the approach in different laboratory settings. However, the MCA of the 71-bp specific amplicons showed melting temperatures (T m ) ranging from 78.2°C to 84.63°C, depending on the mix and the thermocycler used (Fig.  1) . These expected T m variations are due to the salt and SYBR green concentration differences in the mixes used.
The TaqMan assay was developed with the same set of primers in association with a probe to ensure a more specific assay. The specificity of the PCR was also confirmed with real-time PCR amplification using the TaqMan chemistry and hybridization reactions using the ABI PRISM 7000 and the LightCycler systems (not shown).
Thus, with regard to the specificity, no probes are required and the use of SYBR green reduces the assay setup and running costs. Moreover, the use of SYBR green allows the implementation of this assay easily using any real-time PCR apparatus.
Sensitivities of the SYBR green and TaqMan assays. The analytical sensitivity of the PCR for the detection of K. kingae was then evaluated using 10-fold serial dilutions of a bacterial suspension (type strain 4177/66) in phosphate-buffered saline, which was quantified by culture on specific media and subsequent colony counts. PCRs were performed in an ABI PRISM 7000 thermocycler. SYBR green and TaqMan chemistries performed with the DNA extracted in a reaction volume of 25 l allowed us to obtain regression curves with slopes of 3.3 and 3.5, respectively, i.e., very close to a slope of 3.32, which would correspond to the maximum efficiency. The regression curve was linear until 0.5 to 5 bacterial genomes for both assays, making rtxA an efficient target to diagnose K. kingae infection, as recently reported (6, 7). The SYBR green-based detection exhibited the highest sensitivity (with a shift in threshold cycle [C T ] value of more than 2), which is probably due to multiple dyes (SYBR green) that can bind to a single amplified molecule and accumulate during PCR cycles, increasing sensitivity for detecting the amplicons (3), while TaqMan probes are hydrolyzed during the PCR by the 5Ј nuclease activity of the Taq DNA polymerase. This lower sensitivity of the TaqMan probes can be compensated for by increasing the probe concentration in the mix and/or the cycle number. The analytical sensitivity of PCR targeting the rtxA and rtxB genes was 10-fold higher than that of PCR targeting the cpn60 gene previously reported by Chometon et al. (8) .
Retrospective study on clinical specimens. To validate the PCR, 52 OAI fluids or biopsy samples were tested. The expected peak corresponding to K. kingae was generated for all of the 20 positive samples, while no peak appeared for the 20 negative samples and for the 12 samples with other bacteria that were simultaneously detected by the real-time PCR targeting the 16S rRNA gene broadly.
However, it should be noted that in some cases more than 40 cycles or sample dilution was necessary to obtain a PCR amplification. The presence of K. kingae DNA in the 20 positive samples was also confirmed using the TaqMan chemistry (data not shown). Moreover, the sequencing of approximately 833 bp of the rtxA genes in these 20 positive samples revealed several SNPs that were different between the samples, suggesting the presence of different strains among these samples (GenBank accession numbers are given in Table 2 ).
In conclusion, both the TaqMan and SYBR green assays developed in the present study are specific and highly sensitive, making rtxA a pertinent target for the molecular diagnosis of K. kingae infection, as previously reported (6, 7). All 31 K. kingae strains used in this study harbored the rtxA gene, and this gene was also present in the 20 OAI specimens previously found positive for K. kingae in different laboratories by other PCR methods. These results suggest the constant presence of the toxin gene in pathogenic K. kingae strains and validate the interest in use of an rtx-based PCR in clinical diagnosis. Furthermore, the use of different chemistries and thermocyclers to perform this test allows a general utilization of this PCR. Alternatively, the nested PCR yielding a 833-bp amplicon of the rtxA gene would be useful for centers that are not equipped with a real-time PCR thermocycler.
